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Abstract 
Only one anthrax vaccine (Anthrax Vaccine Adsorbed, AVA) is licensed in the US to date, although new vaccines are under 
development. Logistic difficulties with the potency testing of AVA, plus humane considerations, have prompted the development 
of an alternative test method that can be used as a potency test not only for AVA, but also for newer vaccines. A potency test is 
not limited to measuring the concentration and quality of the antigen in the final formulation at the time of vaccine release, but 
should also detect changes in these characteristics during the dating period of the product, to ensure that the vaccine has retained 
its potency. We have developed a mouse immunogenicity test with potential for use as a potency test for anthrax vaccines. This 
model is based on the measurement of antibodies induced by a fixed dose of antigen. The test consists of two stages: a) the 
induction of antibodies in mice with one pre-selected test dose of vaccine; and b) the measurement of the response. We have 
established the test dose for AVA and experimental vaccines based on the use of anthrax Protective Antigen (PA). Two types of 
assays, an ELISA and a toxin neutralization assay (TNA) have been employed to measure antibodies to PA. TNA may be more 
useful in predicting vaccine efficacy, since it measures the neutralizing activity of sera against the cytotoxic effect of the toxin 
formed by PA when associated with Lethal Factor. However, anti-PA ELISA is less demanding from a technical point of view. 
Therefore, if ELISA were capable of detecting accurately changes in antigen quantity and quality, then it could be selected as the 
antibody-measuring test. Studies in our laboratory suggest that even though ELISA and TNA results are correlated, they may not 
be strictly interchangeable for quantification of anti-PA antibodies after a single immunization of mice with a test dose of anthrax 
vaccine. We have also found that TNA is better suited than ELISA to detect changes in immunogenicity caused by vaccine 
exposure to high temperature for very short periods (two minutes). These results open the possibility that an immunogenicity test 
in which TNA is used to quantify the anti-PA antibody responses can be used to measure vaccine potency of anthrax vaccines at 
the end of the manufacturing process and periodically after the finished product has been placed in storage, instead of an active 
protection test that requires lethal challenge. 
 
Keywords: potency testing; anthrax; TNA 
 
# The National Toxicology Program Interagency Center for the Evaluation of Alternative Toxicological Methods and the Interagency 
Coordinating Committee on the Validation of Alternative Methods  
∗ Corresponding author e-mail address: juan.arciniega@fda.hhs.gov 
1877-282X © 2011 Published by Elsevier Ltd. 
Selection and/or peer-review under responsibility of the National Toxicology Program Interagency Center for the Evaluation of Alternative 
Toxicological Methods (NICEATM).
Open access under CC BY-NC-ND license.
-
© 2011 Published by Elsevier Ltd. 
Selection and/or peer-review under responsibility of the National Toxicology  Program Interagency Center for the 
Evaluation of Alternative Toxicological Methods (NICEATM).
Open access under CC BY-NC-ND license.
214  Juan L Arciniega and Rocío I Domínguez-Castillo / Procedia in Vaccinology 5 (2011) 213 – 220 J L Arciniega and R I Domínguez-Castillo / Procedia in Vaccinology 00 (2011) 000–000 
1. Background 
Anthrax is a zoonosis caused by Bacillus anthracis. Although naturally occurring, anthrax has low incidence in 
humans [1] and the availability in the United States of a safe and effective vaccine since 1970 [2] brought the 
reported incidence of human anthrax to zero in the period 1993-1999 [3, 4]. The prospective use of the agent in 
warfare and its actual use in bioterrorism prompted the need for stockpiling vaccine [5]. AVA consists of a mixture 
of secreted protein antigens of B. anthracis adsorbed on an aluminum adjuvant. These antigens include an 83 kDa 
protein called Protective Antigen (PA), which forms part of the bacterium toxin system. PA binds to surface 
receptors, undergoes heptamerization and, in one of two possible prongs, delivers an enzymatic moiety with 
proteolytic activity called Lethal Factor (LF) to the interior of the target cell, provoking its death [6]. 
Although AVA is safe and effective, its traditional manufacturing process and extensive dosing regimen have 
been the incentives for the development of second-generation vaccines based exclusively on recombinant PA (rPA) 
combined with aluminum adjuvant [1]. Developing more efficient and meaningful potency assays would also 
markedly enhance the US bioterrorism defense program. 
US law requires that biologicals meet defined criteria for potency [7]. Original potency testing of AVA was not 
designed for the high throughput required under increased vaccine demand. Potency testing of AVA involves the 
challenge of immunized guinea pigs with virulent B. anthracis [8], and therefore requires specialized containment. 
This potential difficulty, plus humane considerations, has encouraged the investigation of non-lethal, alternative 
assays that could be considered as potency tests not only for the current vaccine, but also for vaccines under 
development. 
Passive protection of guinea pigs, mediated by anti-PA antibodies from a lethal challenge with B. anthracis, has 
been demonstrated [9]. Therefore, it is not bold to assume that a similar response may be protective in humans. In 
consequence, an immunogenicity test that measures the anti-PA response induced by a vaccine could be a relevant 
alternative to the current challenge test. Such an immunogenicity assay avoids the need of costly containment 
facilities and procedures, provides a more direct and specific assessment of antigen content and quality, and 
circumvents the use of a lethal challenge. 
An immunogenicity test consists of two stages: a) the induction of antibodies in animals with one or more pre-
selected test doses of vaccine; and b) the measurement of the antibody response induced. During the induction stage, 
several concentrations of test vaccine are used to estimate a dose that stimulates a conventional response in a given 
proportion of animals. The estimated dose is then used to calculate potency, relative to the response to a reference 
vaccine. In an alternative design, the magnitude of the response induced by a single dose of vaccine is used to 
estimate potency, either in absolute or in relative terms. 
On the other hand, any assay chosen for measuring the antibody response during the second stage should be 
adequately validated and reproducible by other laboratories. Validation of an analytical procedure requires the 
demonstration that the assay is suitable for its intended purpose.  
The potency test of a vaccine should measure not only its antigenic contents, but also ascertain the structural 
integrity of the immunogenic molecules, even if the effect that antigen conformation has on vaccine protective 
activity is not totally clear. 
Some of the issues that have to be addressed to complete the implementation of the immunogenicity test include, 
but are not limited to, overall assay design, dose and route of immunization, time of serum sampling, and selection 
and validation of the assay to measure the antibody response. 
2. Development of the immunogenicity test for anthrax vaccines 
2.1. Animal 
Because of size, availability and cost, the mouse has been selected for the evaluation of the immunogenicity of 
anthrax vaccines. 
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2.2. Antibody measuring methods 
Two types of assays, an antigen-specific ELISA and a lethal toxin neutralization assay (TNA) have been 
employed to measure the immune response to PA in the mouse model. The ELISA is limited to measuring 
antibodies that bind PA, whereas TNA is able to measure functional antibodies capable of neutralizing the 
contribution of PA to the activity of Lethal Toxin (LTx) formed by the union of PA and LF. 
2.2.1. Anti-PA ELISA 
We developed and studied the performance of an anti-PA ELISA designed to assess the antibody response to 
anthrax vaccines in mice [10]. Validation studies were carried out according to the guidelines of the International 
Conference on Harmonization (ICH) [11]. The performance characteristics found for the assay that we designed 
were adequate to consider the ELISA for use in the mouse immunogenicity (potency) test of anthrax vaccines, and 
for the standardization of reagents.  
2.2.1.1. Production of a mouse freeze dried anti-PA reference serum 
The need of a suitable stock of appropriate standards and reagents for the adequate intramural and extramural 
testing of anthrax vaccines was identified early in the process of the immunogenicity test development. Therefore, 
our laboratory invested resources in the development and standardization of a mouse anti-PA standard serum. 
Experiments in mice were conducted to set the basis for the selection of a suitable immunization schedule. 
Groups of mice were immunized with different doses of an experimental vaccine provided by The United States 
Army Medical Research Institute for Infectious Diseases (USAMRIID), consisting of recombinant PA (rPA) 
adsorbed to Al(OH)3. Mice were bled after different periods and serum from each animal was tested for anti-PA 
antibodies, using ELISA. On the basis of the results obtained, an immunization schedule was selected for the 
preparation of the reference serum. Subsequently a contractor was hired to produce mouse anti-PA serum, using the 
selected doses and immunization schedule. The contractor immunized approximately 500 CD-1 mice three times 
with the USAMRIID vaccine. Sixty-three days after the third immunization, animals were exsanguinated and serum 
samples were pooled.  
A pilot reference was prepared to test the suitability of the purification and freeze drying procedures to produce 
the reference material. A pool of sera from the mice used in the study to find the suitable immunization schedule 
was subjected to the steps planned for the serum obtained by the contractor. The immune globulin fraction of the 
serum was partially purified by ammonium sulfate precipitation, re-dissolved and dialyzed. Immune globulin was 
diluted in normal mouse serum in PBS, dispensed in 0.5 ml aliquots into glass ampoules, freeze-dried and sealed 
under vacuum. Average fill weight per ampoule was recorded during filling and residual moisture of the lyophilized 
material was measured by thermogravimetric analysis. Antibodies were measured in the standardized ELISA. 
Freeze-dried material was designated MR02-1, and was assigned unitage relative to Pool 3 (800 Units/mL), an in-
house serum pool obtained by immunizing mice twice with AVA. A second pool of mouse serum obtained under 
contract was processed in the equivalent way and designated MR02-2. 
2.2.1.2. Inter-laboratory study to evaluate the reproducibility of the ELISA to measure mouse anti-PA serum 
antibodies 
As part of the activities to address the ELISA performance, an inter-laboratory study to evaluate the 
reproducibility of our validated ELISA to measure anti-PA antibodies in murine serum was initiated in 2004. A 
second aim of this study was to assign relative unitage to MR02-2. Each participating laboratory received a panel of 
six unknown serum samples, which included sera of low, mid, and high antibody concentration, one negative serum 
sample (from non-immunized mice), and proposed reference MR02-2 reconstituted in normal mouse serum. Five 
participating laboratories returned by mid-2004 raw data corresponding to the evaluable fraction of a total of 351 
possible estimates of antibody contents for all the samples distributed. Unitage calculations were performed during 
the rest of 2004 and databases were created starting in September of 2005. The clean versions of the databases were 
made available to the team statistician by January 2006. 
Results of the collaborative study indicated that: 
• MR02-2 has a unitage of 713 EU/mL (relative to an interim reference, MR02-1; 400 EU/mL)  
216  Juan L Arciniega and Rocío I Domínguez-Castillo / Procedia in Vaccinology 5 (2011) 213 – 220 J L Arciniega and R I Domínguez-Castillo / Procedia in Vaccinology 00 (2011) 000–000 
• All participating laboratories could identify an anti-PA negative sample (below the assay Limit of Quantitation, 
LOQ = 37 EU/mL)  
• Assay validity was dependent on the antibody contents of the samples (66% for the sample with the lowest 
concentration vs. ≥ 81% for all the other samples) and that it varied among the laboratories  
• All but one participating laboratory assigned similar concentrations to duplicate samples (lowest lower 95% 
confidence limit of the ratio of estimates = 0.73; highest upper 95% confidence limit of the ratio of estimates = 
1.05)  
• Reproducibility, expressed as Geometric Relative Standard Deviation (GRSD), was below 30% for all samples. 
2.2.1.3. Selection of a single dose for the immunogenicity test 
Results from the anti-PA ELISA were used to select a single dose appropriate for the development of the 
immunogenicity test. Groups of animals were immunized with several doses of AVA or an in-house vaccine based 
only on recombinant PA adsorbed to Al(OH)3 (rPAV), to select the minimal dose in the linear portion of the vaccine 
dose-antibody response curve that elicits a measurable response in a high proportion of mice. 
Immunization with 0.2 ml of AVA induced a measurable response (above the LOQ) in the majority of animals. 
This dose was located in the linear interval of the vaccine dose-antibody response curve. Variability of the response 
in groups of 20 mice and slope in the region of the curve examined allowed us to distinguish between 0.2 mL of 
AVA and one-half of this dose. In the case of rPAV, practical limitations prevented the finding of the best single 
dose for the potency testing of purified vaccines. Variability of the response and slope at the dose interval studied 
did not allow us to distinguish between a vaccine containing 3 μg of rPA and one containing one-half of this 
amount, using 10 groups of mice. 
2.2.2. TNA 
In addition to the development and standardization of an ELISA to measure anti-PA murine antibodies, we have 
adapted existing methodology to measure the neutralizing activity of antibodies using a toxin neutralization assay 
(TNA). In this assay, a mixture of the diluted sera and a pre-defined quantity of toxin is incubated and then added to 
a monolayer of susceptible cells. The fate of the cells will depend on the interactions between the antibodies and the 
toxin. If antibodies bind epitopes in the PA regions responsible for cell receptor recognition or LF attachment, cell 
death will not occur. If antibodies remain unbound or bind to portions of PA non-relevant for its activity, this will 
cause cell death. After an intoxication period a vital dye, MTT, is added. Live cells will reduce MTT, which is 
solubilized and quantified using a spectrophotometer. The more neutralizing activity in a given serum, the more 
reduced dye will be produced. 
Usually, TNA has been carried out using the murine macrophage-like cell line J774A.1; however, the RAW 
264.7 mouse leukemic monocyte macrophage cell line present some practical advantages related to their handling 
and growth characteristics when compared with J774A.1 cells. For example, RAW264.7 cells are more resistant to 
mechanical shear and reach higher cell densities in similar culture periods than J774A.1 cells. Therefore, in our 
research we selected assay conditions using the alternative neutralization-indicating cell line to achieve similar TNA 
results with both cell lines. In a study in which 44 samples were tested with both cell lines, no significant difference 
in relative neutralizing activities was detected. 
2.3. Comparability of ELISA and TNA to measure immunogenicity of PA in mice 
It is believed that TNA may be more useful in predicting vaccine efficacy, since it measures the antibody 
response to PA in terms of the neutralizing activity of sera against the cytotoxic effect of its combination with LT. 
Anti-PA concentrations measured by TNA will likely be used to bridge efficacy of new anthrax vaccines in animal 
models to immunogenicity in humans. For this reason, measurement of toxin-neutralizing antibodies induced in 
mice as part of an immunogenicity test for vaccine potency seems warranted. However, anti-PA ELISA is more 
robust and is better developed than TNA, and a full validation of the TNA might favor the use of the ELISA, if it 
were found that what is gained in information on antibody quality by using TNA is lost by a poor assay performance 
in terms of precision. Moreover, it is anticipated that the TNA will be more demanding from a technical point of 
view. Therefore, if ELISA were capable of predicting accurately the results of the more informative, but technically 
more challenging TNA, then ELISA could be selected for further assay development. As a first step in deciding if 
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one assay should be favored over the other, we studied the degree of agreement between the antibody estimate 
obtained by ELISA and those obtained by TNA in the same sample [12]. 
The anti-PA antibody response in mice immunized once with varying doses of either AVA or rPAV were 
measure by ELISA and TNA. To illustrate the degree of agreement, the difference between log ELISA and log TNA 
estimates in the same sample was plotted against its average, as suggested by Bland and Altman [13]. Data for both 
types of vaccines (AVA and rPAV) were plotted, adding the mean log difference and the 95% limits of agreement. 
The plot for AVA is shown in Figure 1. 
 
For AVA the 95% limits of agreement were –0.40 and 1.02, which indicates that 95% of the results obtained by 
ELISA were between 2.5 times lower and 10 times higher than those obtained by TNA. In several instances the 
upper limit of agreement was exceeded by ratios of estimates for sera with high antibody concentrations. Although 
the trend to obtain higher differences as the dose increased was reduced when data corresponding to the highest 
AVA dose were eliminated, and agreement between estimates improved, antibody estimates obtained by ELISA 
continued to be higher, on average, than those obtained by TNA. 
For rPAV the 95% limits of agreement were –0.58 and 0.79, which indicates that 95% of results obtained by 
ELISA were between 4 times lower and 6 times higher than those obtained by TNA, for all vaccine doses tested. 
Figure 1.  Log of ratio between ELISA and TNA anti-PA estimates versus mean log of the two estimates (Bland-Altman graph) for AVA.  
The center line represents the mean log difference, while the outer lines represent the 95% limits of agreement.  Reprinted from: Parreiras PM, 
Sirota LA, Wagner LD, Menzies SL, Arciniega JL.  2009.  Comparability of ELISA and toxin neutralization to measure immunogenicity of 
Protective Antigen in mice, as part of a potency test for anthrax vaccines.  Vaccine. 27:4537-42, with permission from Elsevier.  
 
218  Juan L Arciniega and Rocío I Domínguez-Castillo / Procedia in Vaccinology 5 (2011) 213 – 220 J L Arciniega and R I Domínguez-Castillo / Procedia in Vaccinology 00 (2011) 000–000 
Our studies suggest that even though ELISA and TNA results are correlated, they may not be strictly 
interchangeable for the intended purpose (quantification of anti-PA antibodies after a single immunization of mice 
with a test dose of anthrax vaccine). 
2.4. Stability-indicating properties of the immunogenicity test 
2.4.1. Detection of thermal degradation of PA by ELISA and TNA in the single dose mouse model 
A potency test should be not only capable of revealing a diminished quantity of antigen, but also be sensitive to 
changes in its quality (structural integrity). Regardless of whether a vaccine antigen is recombinant in nature or 
isolated from B. anthracis cell cultures, the stability of the PA component is a critical characteristic that can 
determine if a vaccine is suitable for long-term storage. Anthrax vaccines must have reliably long shelf-lives, since 
all lots that enter the National Strategic Stockpile must maintain their potency throughout potentially protracted 
storage periods. Of particular concern for PA-based vaccines is the intrinsic instability of PA. The antigen is highly 
prone in solution to denaturation at temperatures as low as 40o C [14, 15, 16]. We investigated the capability of the 
ELISA and the TNA to indirectly detect variations in the structure of PA [17]. For this purpose, we immunized once 
two groups of mice, one with native vaccine (AVA or rPAV) and another two with vaccine treated at ~100oC for 2 
min. After four weeks, serum samples from the mice were assayed by ELISA and TNA. We found that ELISA is 
limited in its capacity to detect changes in PA quality in this murine model. TNA, however, could detect changes in 
PA quality. 
We decided to perform a supplementary experiment to study the effect of exposure of rPAV to temperatures 
more likely to be encountered during vaccine storage and distribution. We found that TNA could detect an inversely 
proportional decrease in immunogenicity with temperature, relative to that elicited by untreated rPAV. While 
Reuveny et al. [18] showed that exposure of rPAV to 40o C during six days caused a three-fold decrease of its 
immunogenicity for guinea pigs, as measured by TNA, we found that in our model we can detect exposure to an 
analogous temperature by a period as brief as 2 minutes, in terms of a statistically significant almost two-fold 
reduction in the immunogenicity of rPAV. It is worth mentioning the relatively elevated neutralizing 
immunogenicity remaining even after exposure of the vaccines to the highest temperature tested (100o C). This 
seems to suggest a protective role of adsorption, in the face of the results of PA denaturation studied in solution. 
Preliminary results in our laboratory, obtained using our mouse model, appear to partially confirm in a more 
direct fashion Reuveny et al. results, namely, that exposure of PA adsorbed to aluminum adjuvant to milder 
temperature (in our case 37°C) for prolonged periods (in our case seven weeks) drastically reduces the 
immunogenicity of PA as detected by TNA. On the other hand, while Reuveny et al. measured by ELISA a 
reduction of about three-fold in the immunogenicity of a vaccine exposed to 40o C during approximately one month, 
we were unable to detect a similar change. 
2.4.2. Detection of thermal degradation of PA by ELISA in a multi-dose mouse model 
Although the apparent failure of the ELISA to detect vaccine exposed to elevated temperature, and the fact that 
TNA will likely be used in vaccine clinical efficacy studies to bridge animal protection to immunogenicity in 
humans, as part of “Animal Rule” [19] studies [20], we decided to explore if changes in PA quality effected by 
thermal degradation can be efficiently detected by ELISA. This was studied in a multi-dose mouse model, relative to 
the immunogenicity of antigen with suitable immunologic characteristics, stored at conditions that ensure its 
stability, because ELISA is a technically less demanding assay than TNA. 
In an initial phase, suitable vaccine dose-antibody response curves for AVA and rPAV were established, namely 
those which included a dose that induced antibodies in 50% of the immunized mice, measured by ELISA. To select 
a dose-response curve that showed a monotonic decrease in the proportion of mice with a measurable antibody 
response, groups of mice were immunized with undiluted vaccine, or vaccine serially diluted using two dilution 
factors. To determine if a mouse responded to the dose of vaccine administered, the absorbance of a single dilution 
of each sample of serum was subjected to the validated anti-PA ELISA and compared to a threshold, which 
consisted of the absorbance corresponding to the LOQ of the assay. 
The effect of thermal deterioration in the model established in the first phase was studied, measuring the 
immunogenicity of both types of vaccine subject to two levels of thermal stress, relative to the immunogenicity of 
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vaccine stored under optimal conditions. Groups of mice were immunized with undiluted or serially diluted 
untreated vaccine, or with vaccine incubated for 2 minutes at intermediate or high temperature. 
In the case of AVA not only the percentage of responder mice did not differ between those groups immunized 
with untreated vaccine and those that received heated vaccine, at any of the tested dilutions, but there was not a 
gradual decrease in the proportion of responder mice at the different vaccine doses. On the other hand, the 
proportion of responder mice to rPAV gradually decreased with each dose level, and although no difference between 
groups was observed in the highest and lowest doses for this vaccine, the treatment of rPAV at intermediate and 
high temperature induced different proportions of responder mice in the intermediate dose, relative to the untreated 
vaccine. 
The absence of more groups displaying a response different than 0 and 100 % did not allow us to perform parallel 
line potency calculations. As an alternative we compared the proportion of responder mice to the intermediate dose 
by Fisher’s exact test. There was no significant difference between untreated vaccine and vaccine heated at the 
intermediate temperature; however, for the high temperature a significant difference in the proportion of mice 
responding to rPAV was detectable, when the untreated vaccine was compared to the heated vaccine. Nevertheless, 
this result could not be corroborated in a second experiment. These findings confirm the limitations of the use of the 
ELISA for an immunogenicity test with stability-indicating characteristics. 
 
3. Validation of TNA 
To continue the development of the standardized alternative potency test of anthrax vaccines, we intend to 
validate a TNA procedure using RAW264.7 cells, following the guidelines issued by the International Conference 
on Harmonization (ICH) [11]. Parameters to evaluate will include the dilutional linearity, the accuracy, the 
quantification limit (LOQ) and the precision (repeatability and intermediate precision) of the method. We also plan 
to evaluate the robustness of the method using a “design of experiments” approach. 
Following in-house TNA validation, we anticipate organizing a collaborative study to assess the method 
reproducibility and to assign unitage to MR02-2. 
4. Conclusions 
An immunogenicity test may constitute a practical alternative to challenge-based models to measure anthrax 
vaccine potency. Anti-PA response is of particular relevance because it has been shown that these antibodies confer 
protection against anthrax in animals. Our findings to date, along with results obtained by other authors, support the 
general concept that the use of TNA can quantify differences among anthrax vaccine batches that have been altered 
by exposure to high temperature during storage. In the design used for this study, animals were immunized with a 
single dose of vaccine prior to quantification of neutralizing antibody titers 28 days later. In summary, our results 
suggest that TNA has a potential use to quantify the anti-PA antibody responses to vaccine for release at the end of 
the manufacturing process and periodically after the finished product has been placed in storage. Complementary 
activities leading to the adoption of the procedure will include production of one or more reference or control 
vaccines and the discussion on the establishment of acceptance criteria based on the behavior of vaccine lots that 
have been shown to be efficacious in the target population. 
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